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Isothermal Crystallization Behavior of
Poly(e-Caprolactone) Diol/Functionalized-
Multiwalled Carbon Nanotube Composites

R. N. Jana and C. Im
Department of Chemistry, Konkuk University, Seoul, Korea

Abstract: Isothermal crystallization behavior of poly (e-caprolactone) diol
(PCL)=functionalized-multiwalled carbon nanotube (f-MWNTs) composites at
three different temperatures (30�, 35�, 40�C), with varying molecular weights
(MW) of PCL (2000, 4000, 8000 g=mol) and loadings of f-MWNTs (0, 0.1, 1.0,
5.0 wt.%), was studied by differential scanning calorimetry (DSC), polarized opti-
cal microscopy (POM), and X-ray diffraction methods. DSC isotherm showed
that introduction of f-MWNTs into PCL induced a heterogeneous nucleation
in the crystallization growth process, thereby lowering the activation energy for
the crystallization process appreciably. POM showed the spherulite structure of
neat PCL, whereas the composites showed the spherulite structure containing
f-MWNTs at the center, indicating nucleating action of f-MWNTs in the crystal-
lization process. The spherulite size decreased but its number increased with
increasing weight proportion of f-MWNTs and MW of PCL.
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INTRODUCTION

Since their discovery,[1] multiwalled carbon nanotubes (MWNTs) have
received much interest and are being used in different fields of applica-
tions, e.g., nanocomposites,[2,3] electronic devices,[4,5] actuators,[6,7] and
field emitters.[8,9] Though MWNT-based polymer nanocomposites have
improved mechanical and electrical properties compared to the neat
polymers, there may be a phase separation between the polymer matrix
and MWNTs.[10] This problem can be coped with by the formation of
a chemical bond between the MWNTs and the polymer so that there
may be better bonding and hence better stress transfer properties.[11–13]

In order to understand the factors affecting the service properties of
the composites, the study of their crystallization behavior is important.
It is reported that the MWNTs present in the composites may help in
the crystallization process of the polymer by acting as a nucleating agent
to reduce the crystallization time as well as the overall crystallization
rate.[14] From the literature, it is found also that most of the research
work has been devoted to study the crystallization behavior under
non-isothermal conditions, whereas the crystallization at isothermal
conditions is important, because at these conditions we can gain insight
into the actual crystallization process without any temperature thrust.

Poly(e-caprolactone) diol (PCL), a biodegradable polymer, is chosen
for our present study because of its potential application in medical fields,
though it has a major drawback due to its high crystallinity and low
thermal stability.[15] There are several reports on its biodegradation and
crystallization behavior[16,17]; however, the reinforcement mechanism of
MWNTs to PCL is still not clear. The effect of molecular weight
(MW) on the crystallization behavior for different polymers, such as poly
(ethylene terephtalate) (PET),[18–22] polyethylene,[23–26] poly(p-phenylene
sulfide),[27] and polypropylene,[28] has been reported. In general, both
the overall growth rate of crystallization and the resulting crystallinity
decrease with increasing MW, except in the low MW range[19,29] or at
low cooling rate conditions. For example, if the MW of PET is lower
than 8000, its overall crystallization rate increases with MW[19]; other-
wise, its overall crystallization rate decreases with increasing MW. Again,
there are several reports on isothermal crystallization behavior of PCL=
MWNT composites,[30–32] but there is no report that deals with the effect
of MW of PCL on its crystallization behavior for the composite system.

We have used different weight proportions of f-MWNTs with
different MW of PCL to prepare PCL=f-MWNT composites and to find
the effect of MW and weight proportion of f-MWNTs on isothermal
crystallization behavior of the composites at three different temperatures
(30�, 35�, 40�C). To improve the dispersion of MWNTs in PCL matrix,
we at first treated MWNTs with H2SO4:HNO3 (3:1 v=v) solution, which
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produced carboxylic acid groups at the surface of the MWNTs,[33–35] then
treated them with thionyl chloride to give acylchloride functionalized
MWNTs (f-MWNTs), and finally different weight proportions of
f-MWNTs were melt-mixed with PCL. The isothermal crystallization
kinetics of the composites was studied by differential scanning calorime-
try (DSC), polarized optical microscopy (POM), and X-ray diffraction.

EXPERIMENTAL SECTION

Materials

MWNTs of grade CM-95 were supplied by Iljin Nanotech Co. (Seoul,
Korea), with an average diameter of 10–15 nm, length of 10–20 mm, and
a purity of 95%. PCL with different MW (2000, 4000, and 8000 g=mol)
was received from Solvay Co. (Cheshire, UK). Thionyl chloride, nitric
acid, and sulfuric acid were of laboratory grade reagents.

Preparation of PCL/f-MWNT Composites

Taking about 2.0 g of MWNTs in a 500mL flask equipped with a
condenser, 20mL of 60% HNO3 and 60mL of 98% H2SO4 were added
with vigorous stirring (Scheme 1). It was sonicated using a high-power
ultrasonic processor for 10min, stirred for 1 h under reflux (110�C), then
a dense brown gas was collected and treated with a NaOH aqueous
solution connected to the condenser. After cooling to room temperature,
the reaction mixture was diluted with 100mL of distilled water and
vacuum filtered through a filter paper (Minipore 1.0 mm). The solid
was dispersed in 100mL of water and filtered again. The dispersion,
filtering, and washing steps were continued until the filtrate became
neutral. The filtered solid was then washed with 50mL of acetone to
remove most of the water from the sample. Then the solid was dried
under vacuum at 60�C for 24 h to get the carboxylated MWNTs.

Scheme 1. Synthesis route for PCL=f-MWNT composites.
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Taking 20mL of thionyl chloride (SOCl2) with 1.0 g of carboxylated
MWNTs in a flask, reflux was continued at 65�C for 24 h. The residual
SOCl2 was removed by reducing the pressure during the distillation and
then the produced acylchloride-functionalized MWNTs (f-MWNTs) were
melt-mixed at 65�C for 12 h with a required quantity of PCL in a flask at
constant mechanical stirring to get the desired composites (Table I).

Characterization

Fourier transform-infrared (FT-IR) measurements were performed
using a Jasco FT-IR 300E by attenuated total reflectance method. Raman
spectroscopy was used to investigate the structural changes of MWNTs
before and after the acid treatment. A 632.8 nm (1.96 eV) He-Ne laser
was used as the light source, and optical filters were used to adjust the
power of the laser. The illuminated spot on the sample surface was focused
to a diameter of approximately 2mm. The resolution of the Raman spec-
tra was 1 cm�1. Raman signals were collected using a charge-coupled
device (CCD) that was cooled by liquid nitrogen. DSC measurements
were carried out using a TA Instruments 2010 thermal analyzer in
nitrogen atmosphere at a flow rate of 50mL=min. All the specimens were
weighed in the range of 5–10mg. The specimens were heated up to 100�C
at a heating rate of 20�C=min and held there for 20min to remove the resi-
dual crystallinity, then cooled quickly to the chosen crystallization tem-
peratures in the range of 30�–40�C. The heat of fusion versus time for
isothermal crystallization was recorded. Wide-angle X-ray diffraction
measurements using CuKa radiation and a nickel filter were carried out
in an X-ray diffractometer (Bruker AXS). The diffraction was recorded
in the angular range of 2h¼ 0�–40� at a scanning speed 5�=min. The area
ratio of crystalline peaks to the total area of crystalline and amorphous
peaks was used as the measure of crystallinity. A polarized optical

Table I. Composition for PCL=MWNT composites

Sample code

MW of PCL (g=mol)

f-MWNTs2000 (wt.%) 4000 (wt.%) 8000 (wt.%)

M-1 100 0 0 0
M-2 0 100 0 0
M-3 0 0 100 0
M-4 0 100 0 0.1
M-5 0 100 0 1.0
M-6 0 100 0 5.0
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microscope (POM) (Eclipse LV 100 POL) from Nikon Corporation
(Tokyo, Japan) equipped with a hot stage (LTS 350) from Linkam
Scientific Instruments Ltd. (Waterfield, Surrey, UK) was used.

RESULTS AND DISCUSSION

Interaction between PCL and f-MWNTs

Figure 1 shows the first-order Raman spectra of the pristine MWNTs
and carboxylated MWNTs. The pristine MWNTs have two peaks at
1321 and 1578 cm�1, assigned to the disorder mode (D-band) and
tangential mode (G-band), respectively.[36] In the carboxylated MWNTs,
the D-band appears at a somewhat higher value (1332 cm�1) whereas the
G-band remains almost the same (1579 cm�1). The D-band intensity
increases in carboxylated MWNTs compared to that in the pristine
MWNTs, and its peak intensity ratio (ID=IG � 1.58) also exceeds that
of pristine MWNTs (ID=IG � 1.25). This may be due to the destruction
of double bond in the MWNTs by means of the strong oxidizing acids.

FT-IR spectrum of pristine MWNTs shows a weak peak at 1638 cm�1

corresponding to C¼O stretching, indicative of few carboxylic acid
groups present in the pristine MWNTs (Figure 2). After the oxidation
with the acids mixture, C¼O stretching is shifted to 1696 cm�1 and

Figure 1. Raman spectra of pristine MWNTs and carboxylated MWNTs.
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1644 cm�1. These peaks may be due to free carbonyl groups and
hydrogen-bonded carbonyl groups of the f-MWNTs, respectively.[37]

After the reaction with PCL along with a strong carbonyl peak at
1725 cm�1 of PCL, two new peaks at 1235 cm�1 and 1176 cm�1 appeared.
The peaks at 1235 cm�1 and 1176 cm�1 may be due to the formation of
C-O bond by the reaction between acylchloride groups (–COCl) of
f-MWNTs and hydroxyl groups (-OH) of PCL. Thus there is a covalent
bond formation between PCL and f-MWNTs as outlined in Scheme 1.

Figure 3 shows the scanning electron microscopy (SEM) micro-
graphs of pristine MWNTs, PCL=pristine MWNT, and PCL=f-MWNT
composite. Here, both the pristine MWNTs and PCL=pristine MWNT
composite exhibit noticeable aggregation of the nanotubes as shown in
Figure 3(a) and (b), whereas if f-MWNTs are mixed with PCL, they

Figure 3. SEM photomicrographs of (a) pristine MWNTs, (b) PCL=pristine
MWNT composite, and (c) PCL=f-MWNT composite (M-4).

Figure 2. FT-IR spectra of pristine MWNTs, carboxylated MWNTs, and
PCL=f-MWNT composite (M-4).
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almost uniformly mixed and dispersed throughout the PCL matrix
(Figure 3(c)). Thus, the improved dispersion may be due to chemical
bond formation between PCL and f-MWNTs.

Isothermal Crystallization Kinetics

The isothermal crystallization kinetics of PCL and PCL=f-MWNT
composites can be analyzed using the Avrami equation[38]:

1�Xt ¼ expð�ktnÞ or; ln½� lnð1�XtÞ� ¼ n ln tþ ln k ð1Þ

where Xt is the relative crystallinity at time t, obtained from the area of
the exothermic peak in the DSC isotherm at crystallization time t divided
by the total area under the exothermic peak, n is the Avrami exponent,
and k is the crystallization rate constant. Both n and k depend on the
nucleation and growth mechanisms of spherulites. The n and k values
could be directly obtained with Equation (1) from the slope and intercept
of the best fitting line. Figure 4 shows the DSC scan of neat PCL and
PCL=f-MWNT composites, and the variation of relative crystallinity
(Xt) with time is shown in Figure 5(a). Figure 5(b) shows a plot of
ln[�ln(1�Xt)] versus ln t for different MW of neat PCL and the compo-
sites. The different n and k values are reported in Table II.

Figure 4. DSC scan of different PCL and PCL=f-MWNT composites.
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Effect of MW of PCL

From Table II, it is clear that the n values increase with increase in
crystallization temperature and MW of PCL, and in all cases n values
are higher than 3, indicating that the crystallization process proceeded
in more than three modes. The nonintegral n values may be due to the pre-
sence of crystalline branching and=or two-stage crystal growth during the
crystallization process and=or a mixed growth and nucleation process.[39]

Figure 5. Plots of (a) relative crystallinity vs. crystallization time and (b)
ln(�ln(1�Xt)) vs. ln t of different neat PCL and PCL=f-MWNT composites.
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Here, the k values decrease with increasing crystallization temperature as
well as with increasing MW of PCL. At a high temperature, a polymeric
molecule has high kinetic energy, which results in it being crystallized.
Again, as the MW of PCL increases the chain mobility to form a crystal
is restricted. Thus, the isothermal half-crystallization time (t1=2 at 35�C)
as measured from Figure 5(a) also increases with increase in MW of
PCL. For instance, t1=2 for PCL with MW of 2000 (i.e., M-1 sample)
and 8000 (i.e., M-3 sample) are 1.9min and 3.5min, respectively
(Table II). Again, for a constant MW (e.g., 4000) of PCL, the crystalliza-
tion process completes within 6–8min as confirmed in Figure 6. The
crystallization time observed from POM is somewhat higher than that
obtained from the DSC studies because of experimental error.

Effect of Weight Proportion of f-MWNTs

The plots of ln[�ln(1�Xt)] versus ln t for M-2, M-3, and M-4 composites
are shown also in Figure 5(b) and their crystallization parameters are listed
in Table II. The n values of the composites are in the range of 2.15–3.32,
which are lower than that of PCL. Therefore, these results indicate that
introducing f-MWNTs into PCL significantly influences heterogeneous
nucleation induced by a change in the crystal growth process from
three-dimensional crystal growth to mixed two-dimensional and three-
dimensional spherulitic growth. Moreover, the crystallization rate con-
stant also decreases with increasing crystallization temperature because
of a gradual decrease in the degree of supercooling. The values of k
decrease with increasing f-MWNT content in the composites, indicating
a significant increase in the heterogeneous nucleation for PCL=f-MWNT
composites. Thus the values of t1=2 increase with increase in wt.% of
MWNTs in the composites (Table II). For the composite with a constant
weight proportion (e.g., M-6 composite) the crystallization time is about
8–14min (Figure 7), which is somewhat higher than that of neat PCL. It
is also found that with the increase of f-MWNTs in the composites, the

Table II. Values of n and k at different crystallization temperatures

Sample
code

n values k values
t1=2 at

35�C (min)30�C 35�C 40�C 30�C 35�C 40�C

M-1 3.10 3.28 3.35 2.59� 10�1 2.18� 10�1 1.54� 10�1 1.9
M-2 3.71 3.83 3.95 2.25� 10�1 9.70� 10�2 2.56� 10�2 2.2
M-3 3.76 3.86 3.98 3.58� 10�2 1.49� 10�2 4.53� 10�3 3.5
M-4 2.86 3.12 3.32 3.34 1.85 7.25� 10�1 2.4
M-5 2.52 2.64 2.85 8.51� 10�1 6.67� 10�1 2.54� 10�1 2.6
M-6 2.15 2.32 2.38 4.58� 10�1 8.49� 10�2 3.61� 10�2 2.7
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crystallinity of the composites decreases as confirmed by the X-ray diffrac-
tion studies (Figure 8). The degree of crystallinity (Xc) for the composite is
35.5%, whereas for neat PCL (MW¼ 4000) it is about 36.3%.[33]

Activation Energy for Crystallization Process

Activation energy for the crystallization process can be measured from
the kinetic rate constant (k) using the following Arrhenius type equation:

ln k ¼ ln k0 � DE=RT ð2Þ

where k0 is a temperature-independent pre-exponential factor; DE is the
total activation energy, which consists of the nucleation activation
energy (DF) and the transport activation energy (DE�) (DF is the free
energy of formation of the critical-size crystal nuclei at the proposed
crystallization temperature (Tc) and DE� refers to the activation energy
required to transport molecular segments across the phase boundary
to the crystallization surface); and R is the universal gas constant.
Arrhenius plots of ln k against 1=Tc for neat PCL and PCL=f-MWNT
composites are shown in Figure 9(a), and the activation energy is deter-
mined from the slope of the plots.

Figure 6. POM of M-2 sample at different times: (a) 4min, (b) 6min, (c) 8min,
and (d) 9min during crystallization isothermally at 35�C.
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Figure 8. Wide-angle X-ray diffraction patterns of M-2 and M-6 composites.

Figure 7. POMofM-6 composite at different times: (a) 4min, (b) 8min, (c) 14min,
and (d) 30min during crystallization isothermally at 35�C.
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Effect of MW of PCL

The activation energy as obtained from Figure 9(a) is plotted in
Figure 9(b). With increasing MW of PCL, there is an increase in activa-
tion energy for the crystallization process. This is because as the MW

Figure 9. Plots of (a) lnk vs. 1=T and (b) activation energy with wt.% of
f-MWNTs and MW of PCL.
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increases, the chain mobility decreases and the crystallization process
becomes energetically forbidden.

Effect of Weight Proportion of f-MWNTs

Activation energy for the crystallization process is dependent also on the
content of f-MWNTs in the composites. The activation energy drastically
decreases with the presence of 0.1 wt.% f-MWNTs in the composites and
then this decrease is marginal. For instance, DE for neat PCL with MW
4000 (i.e., M-2 sample) is 151.8 kJ=mol, whereas for the composite
containing only 0.1 wt.% f-MWNTs (i.e., M-4 composite) it reduces to
120.8 kJ=mol (Figure 9(b)). The result indicates that the addition of 0.1
wt.% f-MWNTs to PCL probably induces heterogeneous nucleation, thus
showing a lower DE value. The addition of more f-MWNTs to the PCL
matrix is expected to cause more heterogeneous nucleation, i.e., lower DE
values. However, we have found that the decrease is marginal with
further addition of f-MWNTs (>0.1wt.%) in the composites because of
more steric hindrance, which reduces the transport ability of polymer
chains during the crystallization process.

Crystal Growth Process

The crystal growth process was characterized with the help of POM.
The temperature dependence of the linear growth rate (G) may also be
determined from the following equation[29]:

G ¼ G0 exp
�U�

RðTc � T/Þ

� �
exp

�Kg

TcðDTÞf

� �
ð3Þ

where G0 is a pre-exponential term, U� is the diffusional activation energy
for the transport of crystallizable segments at the liquid-solid interface,
T/ is the hypothetical temperature below which viscous flow ceases,
and f¼ 2Tc=(T

0
mþTc) is a correction factor that accounts for the change

in the enthalpy of fusion of the perfect crystal (DH0
f ) with temperature.

The nucleation constant (Kg) contains contributions from the surface free
energies, and it can be obtained from the following equation:

Kg ¼
4brreT0

m

bkDH0
f

ð4Þ

where b is the distance between two adjacent fold planes; r and re
are the lateral and fold surface free energies, respectively; k is the
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Boltzmann constant; and b is a parameter that depends on the regime
of crystallization.

Effect of MW of PCL

Figure 10(a)–(c) shows POM photomicrographs of neat PCL of different
MW after isothermal crystallization at 35�C for 30min from their melts.
The micrograph exhibits a typical Maltese-cross spherulite. The average
crystal size is 198.45, 98.88, and 93.30mm for PCL with MW of 2000,
4000, and 8000g=mole, respectively (Figure 10(a)–(c)). The decrease in crys-
tal size with increase in MW of PCL is due to the lower transport ability of
the longer polymeric chains as explained earlier. For a constantMWof PCL
(e.g., 4000), the crystal size increases with the time of crystallization as can
be seen in Figure 11a. The crystallization process completes within 6–8min.

Effect of Weight Proportion of f-MWNTs

Figure 10(d) shows the POM photomicrograph of M-5 composite crystal-
lized at 35�C for 30min from its melt. The average crystal size is

Figure 10. POM of PCL with different MW: (a) 2000, (b) 4000, (c) 8000, and
(d) PCL (MW 4000)=f-MWNT composite after crystallization at 35�C for
30min from their melts.
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82.15 mm. Thus, with the addition of f-MWNTs to PCL, much smaller
spherulites are observed because of the increasing nucleation density in
the PCL matrix in the presence of f-MWNTs. Here the spherulite struc-
ture contains f-MWNTs at its center, indicating the nucleating action of
f-MWNTs in the crystallization process. It is also found that as the
weight proportion of f-MWNTs increases in the composites, the crystal
size decreases (figure not shown).

Figure 11. Variation of crystal size with (a) temperature forM-2 sample, (b) wt.%
of f-MWNTs at 40�C, and (c) temperature for M-6 composite.
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Effect of Temperature

With an increase of crystallization temperature both for the neat PCL
(Figure 11(a)) and the composites (Figure 11(b), (c)), there is a decreasing
trend of the crystal size. At higher temperatures, the polymeric chains
have higher kinetic energy so they are reluctant to be crystallized.

CONCLUSIONS

PCL reacted successfully with acylchloride functionalized MWNTs
(f-MWNTs) via melt mixing at 65�C for 12 h, and the reaction was con-
firmed by FT-IR and SEM studies. Isothermal crystallization behavior of
neat PCL and PCL=f-MWNTs composites, studied at three different
temperatures (30�, 35�, and 40�C) by DSC, showed that the crystalliza-
tion process proceeded in more than three modes for the neat PCL,
whereas crystal growth resulted in mixed two-dimensional and three-
dimensional growth for the composites. The DSC isotherm showed that
the introduction of f-MWNTs into PCL induced a heterogeneous nuclea-
tion in the crystallization growth process, thereby lowering its activation
energy. POM showed spherulite structure of neat PCL, whereas the
composites showed spherulitic structure with f-MWNTs at its center,
indicating clearly the nucleating action of f-MWNTs in the crystallization
process. The spherulite size decreased but its number increased with
increasing weight proportion of f-MWNTs and MW of PCL.
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